Adolescent idiopathic scoliosis (AIS) is an unexplained and common spinal deformity seen in otherwise healthy children. Its pathophysiology is poorly understood despite intensive investigation. Although genetic underpinnings are clear, replicated susceptibility loci that could provide insight into etiology have not been forthcoming. To address these issues, we performed genome-wide association studies (GWAS) of ∼327 000 single nucleotide polymorphisms (SNPs) in 419 AIS families. We found strongest evidence of association with chromosome 3p26.3 SNPs in the proximity of the CHL1 gene (P < 8 3 10 28 for rs1400180). We genotyped additional chromosome 3p26.3 SNPs and tested replication in two follow-up case-control cohorts, obtaining strongest results when all three cohorts were combined (rs10510181 odds ratio 5 1.49, 95% confidence interval 5 1.29 -1.73, P 5 2.58 3 10 28 ), but these were not confirmed in a separate GWAS. CHL1 is of interest, as it encodes an axon guidance protein related to Robo3. Mutations in the Robo3 protein cause horizontal gaze palsy with progressive scoliosis (HGPPS), a rare disease marked by severe scoliosis. Other top associations in our GWAS were with SNPs in the DSCAM gene encoding an axon guidance protein in the same structural class with Chl1 and Robo3. We additionally found AIS associations with loci in CNTNAP2, supporting a previous study linking this gene with AIS. Cntnap2 is also of functional interest, as it interacts directly with L1 and Robo class proteins and participates in axon pathfinding. Our results suggest the relevance of axon guidance pathways in AIS susceptibility, although these findings require further study, particularly given the apparent genetic heterogeneity in this disease.
INTRODUCTION
Adolescent idiopathic scoliosis (AIS) is the most common pediatric spinal deformity, affecting 3% of school age children worldwide. Through unknown mechanisms, the vertebrae become misaligned such that the spine or a segment of the spine deviates from the midline laterally in the coronal plane, is rotated axially toward the side of deviation, *
To whom correspondence should be addressed. Email: carol.wise@tsrh.org # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com and in the sagittal plane may deviate anteriorly (a lordotic deviation) or posteriorly (kyphotic deviation). AIS occurs in otherwise healthy children who bear no obvious deficiencies in the components of the spinal column itself, and the onset is highly correlated with the adolescent growth spurt (1) . School screenings are recommended due to the morbidity and rapid onset of disease (2) . Intervention is required in cases where the spinal deformity continues to worsen, so-called progressive disease. A first approach is bracing with an orthotic device that is designed to limit progression by holding the torso erect (3) . However, in extreme cases ( 1% of patients), bracing will not halt the progression of the deformity, and patients risk significant deformity with possible cardiopulmonary compromise. Treatment in these cases typically requires surgical intervention involving spinal instrumentation with fusion of selected vertebrae. The etiology of AIS is poorly understood as is implied by the name (4) . Indeed, although at least superficially it is a disease of the spinal column, the underlying pathophysiology is not clear. Lesions of the bony composition of the vertebrae, the vertebral endplates, the paraspinous muscles or the neurologic system each have been proposed at various times to explain disease pathogenesis. However, observational studies have had limited power in discerning whether these features are secondary to AIS or causative (5) . Progress in this regard has been hampered by the lack of an obvious AIS animal model. Many vertebrate strains (i.e. mouse and zebrafish) have been described with deformities of the spine or tail (6 -9) . Although it is anticipated that an appropriate vertebrate model will be invaluable for elucidating disease pathogenesis, at present it is not clear which if any of these animals recapitulates the patho-etiology of human AIS.
Genetic contributions to AIS have been described for decades (10) . About one quarter of AIS patients report a positive family history of disease, and twin studies have consistently supported shared genetic factors in disease (reviewed in 4, 5) . Although extended families are described, the genetic architecture of AIS appears to be generally complex. Accordingly, genome-wide linkage studies of multiplex families have identified many chromosomal regions of interest, but replication is reported for only one linkage peak, on chromosome 9q31.2 -34.2 (11, 12) . Likewise, replicated causal genes or variants are also lacking. We previously performed targeted linkage studies in a cohort of 53 AIS multiplex families, and in follow-up studies we found association with haplotypes in the CHD7 gene encoded on chromosome 8q. Rare mutations in CHD7 are responsible for the CHARGE (coloboma of the eye, heart defects, atresia of the choanae, retardation of growth and/or development, genital and/or urinary abnormalities, and ear abnormalities and deafness) syndrome of multiple anomalies that can include scoliosis (13) . From this study, we concluded that other genes responsible for rare Mendelian syndromes involving scoliosis might contribute to AIS, and that genome-wide studies of common variation in AIS cohorts would be fruitful in identifying susceptibility loci (14) .
In the present study, we searched more comprehensively for common AIS risk loci by performing genome-wide association studies (GWAS) in 419 Texas families. We identified top loci of interest using family-based tests of association that are robust to population stratification. We then tested replication of our most significant findings in additional independent cohorts of cases and controls ascertained in Texas and elsewhere in the USA. To our knowledge, this is the first reported GWAS for AIS. We provide genome-wide data and our top 100 single nucleotide polymorphism (SNP) associations so that others may replicate our findings. Our results provide candidate loci and genes worthy of further study, and particularly underscore genes involved in axon guidance pathways in AIS susceptibility.
RESULTS
Probands, other affected family members and parents were ascertained primarily in orthopedic clinics in Dallas, Texas and St Louis, Missouri (see Materials and Methods and Supplementary Material, Table S1 for a description of study populations). Samples from Texas AIS family trios (probands and parental controls) were genotyped using the Illumina HumanCNV370-quad platform that interrogates over 370 000 human polymorphisms. After applying stringent quality control, we performed tests of transmission disequilibrium (TDT) for 326 498 SNPs using the PLINK analysis program (15) in two ways (see Materials and Methods for description of statistical methods). In the first analysis, genotypes for all 419 families (n ¼ 1122) of all self-reported ethnicities were used, as the TDT statistic is robust to population stratification (16) . The second analysis was restricted to the subset of self-reported non-Hispanic white families, our largest ethnic group. To define the latter group, we corrected possible stratification by performing identity-by-state (IBS) analysis of unrelated probands using PLINK. Plotting the first three dimensions of a multidimensional scaling analysis of pairwise IBS distances identified one outlier family that was removed from further analyses (Supplementary Material, Fig. S1 ). A plot of resulting 22log(e) P-values against expected results under the null hypothesis (quantile -quantile plot, Fig. 1 We estimated that our discovery cohort would provide (dependent on allele frequencies) 90% power to detect disease associations with effect sizes [odds ratios (ORs)] ≥ 2.0 at a significance level P ¼ 5.0 × 10 28 (Supplementary Material, Fig. S2a ), and 70% power to detect loci with an effect size of 1.8, but only 10% power to detect weaker effect sizes of 1.5 or less at P ¼ 5.0 × 10 28 (17) . However, this cohort was potentially enriched for genetic risk factors, as 21% of the cases were familial. Only three SNPs met or exceeded a significance threshold P ≤ 1 × 10
25
; however, genomic clustering suggested non-random association. Specifically, we noted that in the total data set, our most significant result was obtained for the SNP rs1400180 ). These two SNPs are within 21 kb of each other at distal chromosome 3p and were ranked highest in the nonHispanic white data set ( Fig. 3 and Supplementary Material, Table S2 ). The evidence for association for the chromosome 3 SNPs rs1400180 (OR ¼ 2.13; P ¼ 7.9 × 10
28
) and rs10510181 (OR ¼ 2.03; P ¼ 2.6 × 10
26
) increased in the non-Hispanic white cohort despite the fact that this subset contained 80 fewer families than the total (results for non-white families are given in Supplementary Material, Table S2 ).
We also imputed genotypes at untyped loci to potentially increase genome-wide coverage, given the relatively low density of the CNV370-quad platform. We imputed 2 271 581 genotypes in the non-Hispanic white families and tested these SNPs for association using the TDT statistic in PLINK as before. This analysis produced additional signals of interest (in terms of clustering and P-values), in particular for loci on chromosomes 1, 6 and 21 (Supplementary Material, Fig. S3 ). However, SNPs clustering in the region of rs1400180 and rs10510181 remained the most significant by imputation (Supplementary Material, Tables S3 and S4 and Fig. S4 ), and we prioritized this region for further study (Fig. 4) .
We subsequently tested SNPs rs1400180 and rs10510181 for evidence of allelic association with AIS in additional independent cohorts. In the first replication study, we genotyped samples from 375 Texas cases of non-Hispanic white ethnicity as defined by self-report as well as by IBS analyses using genotypes from 384 ancestry-informative markers (as described above and Materials and Methods, Supplementary Material, Fig. S5 ). Close relationship within or between this cohort and the discovery cohort was unlikely per extensive review of pedigree and demographic information. For both SNPs, we observed that the same allele that was overtransmitted in families was over-represented in cases when compared with controls (i.e. the same direction of effect). Strongest results were obtained for rs10510181, where the frequency in cases was 0.37 when compared with 0.32 in controls. In addition, a logistic regression analysis incorporating gender and age at onset as covariates yielded essentially the same results (Table 1 ). In the second replication study, we genotyped samples from 187 cases ascertained in US clinics outside of Texas and 222 controls, and again observed the same direction of effect for both SNPs and strongest results for SNP rs10510181 (Table 1 ). Combining the results of the two replication studies (562 cases, 666 controls) yielded OR ¼ 1.36, 95% CI ¼ 1.14-1.61, P ¼ 0.0005 for rs10510181.
Two overlapping genes, CHL1 and LOC642891, are nearest the region of association that we observed and are predicted to be transcribed in opposite orientation. CHL1 encodes Close Homologue of L1, a member of the family of immunoglobulinclass L1 neural cell adhesion molecules. Chl1 functions in axonal guidance and neuronal migration (18, 19) ; however, whether LOC642891 encodes a functional protein is unknown. We confirmed transcription of both genes in fetal and adult brain (Supplementary Material, Fig. S6 and S7). The CHL1 gene spans .212 kb and its putative promoter sequences are 45 kb distal to the associated haplotype. The predicted LOC642891 gene spans 1.5 kb, where its 5 ′ -end lies within CHL1 intron 1 and its 3 ′ -end lies within the putative CHL1 promoter (Fig. 4) . Forty-nine imputed SNPs from this region (50 -500 kb at chromosome 3p26.3) including the CHL1 and LOC642891 genes produced P-values , 9 × 10 24 by TDT analysis (Supplementary Material, Table S4 ) of discovery data. To validate these findings, we selected four imputed SNPs (rs965084, rs1400182, rs9754850 and rs9754552) near rs1400180 and rs10510181 for genotyping in the discovery and Rep1 cohorts (Supplementary Material, Tables S4 and  S5 ). SNPs rs9754850 and rs9754552 yielded evidence for association (P , 0.05) with the same direction of effect as in the discovery phase, but SNPs rs965084 and rs1400182 did not. SNPs rs9754850 and rs9754552 are within 800 bp of rs10510181 and are moderately correlated with this SNP: r 2 (rs9754850: rs10510181) ¼ 0.56, 0.57, and r 2 (rs9754552: rs10510181) ¼ 0.56, 0.58, respectively, in case -control and discovery cohorts. We obtained similar results for rs9754850 and rs9754552 in the Rep2 cohort (Table 1) .
In a third replication study (Rep 3), we compared our data to a separate GWAS of 137 AIS cases and 2126 controls ascertained at Children's Hospital of Philadelphia (CHOP). Allele frequencies for SNPs rs1400180, rs10510181 and rs9754850 did not differ in cases compared with controls in that study (Table 1) . To assess potential bias in our locally ascertained controls, we examined SNP risk allele frequencies in available data sets. We found that risk allele frequencies for the four SNPs rs1400180, rs9754850, rs9754552 and rs10510181 were similar between our controls and four control data sets (total n ¼ 3917 individuals), but not HapMap CEU, a difference we attribute to the relative few chromosomes represented in the HapMap data set (n ¼ 60) (Supplementary Material, Table S6 ).
Taken together, these results suggest that a genomic region correlated with SNP rs10510181, proximal to the CHL1 and LOC642891 genes, is associated with increased AIS risk. The lack of replication in the CHOP GWAS may reflect issues of heterogeneity and power to detect modest effect sizes.
Many prior observations have indirectly linked scoliosis and neuropathology (4) . Clear evidence that improper axonal targeting specifically can evoke scoliosis is evident in the rare autosomal recessive disease horizontal gaze palsy with progressive scoliosis (HGPPS, MIM #607313) that is remarkable for absent horizontal eye movements and severe progressive scoliosis. This disease is caused by homozygous or compound heterozygous mutations in the ROBO3 gene encoding a transmembrane receptor that controls commissural axon guidance (20) . Brain imaging and neurophysiologic studies of HGPPS patients have revealed hindbrain anomalies and improper motor and sensory axonal projections (21) . We have noted with interest that Chl1 and Robo3 proteins belong to the same molecular (immunoglobulin transmembrane receptor) and functional (axon guidance and neurite outgrowth) classes. Thus, CHL1 is a plausible candidate gene for AIS susceptibility. We selected 90 families having multiple members affected with AIS for analysis of the CHL1 gene, with the rationale that such families could be more likely to harbor highly penetrant alleles (22) . Analysis of four markers in the region produced suggestive evidence for linkage (HLOD ¼ 1.93, P ¼ 0.001 at rs1400180) (Supplementary Material, Table S7 ). We re-sequenced coding exons and flanking intronic regions of the CHL1 gene in 10 unrelated probands from AIS families with positive evidence of linkage to the region (LOD ≥ 1.0). We observed two coding changes that predict non-synonymous amino acid changes (rs2272522 and rs62230378) and are found in exons 3 and 17, respectively, of the CHL1 gene. We noted with interest that SNP rs2272522 was previously associated with susceptibility to schizophrenia in separate studies of Japanese and Han Chinese populations (23, 24) . This SNP was actually present on the CNV370-quad beadchip and was informative in our population, but did not produce evidence for association with AIS. Further investigation of rs62230378 also did not yield evidence that this SNP was associated with AIS. We also observed nine non-coding variants, none of which predicted alterations of known functional elements, such as transcription factor binding sites or consensus splice sites (Materials and Methods, Supplementary Material, Table S8 ).
We observed additional associations in our discovery data with SNPs in axon guidance genes. Among the top results were several SNPs clustering in the DSCAM gene located on chromosome 21 (25, 26) . We also noted rs11770843 in the CNTNAP2 gene within our top-associated SNPs (OR ¼ 1.75, 95% CI ¼ 1.32-2.30; P ¼ 6.20 × 10 25 ) and some evidence for association with nearby loci, although SNP coverage in this region was poor (Supplementary Material, Table S10 ). This could be a random effect, given the size of the CNTNAP2 gene (2.3 Mb) and the number tests that we performed (297 SNPs from the CNTNAP2 gene were genotyped). However, the evidence for association with rs11770843 remained significant after correction for the 297 tests. CNTNAP2 is of interest, as this gene was previously linked with AIS (27) . The extent of overlap with our data is unclear, but we conclude that further study of CNTNAP2 in AIS cohorts is warranted. CNTNAP2 encodes contactin-associated protein 2, also called neurexin IV, that binds to the immunoglobulin-class neural cell adhesion molecule contactin-2 in cis and to the L1 family of neural cell adhesion molecules (possibly 1460
including Chl1) in trans (28). In Drosophila, neurexin IV was recently shown to interact with Robo (29) . These data provide additional evidence for variation in CNTNAP2 in AIS susceptibility. These and other top findings from our GWAS warrant further exploration in additional AIS cohorts.
DISCUSSION
AIS has been clinically recognized for centuries, yet the underlying molecular etiology and indeed the pathophysiology of the disease have remained elusive. We report here the first GWAS of AIS, which we conducted with the goal of identifying promising candidate loci for further analysis. We also anticipated that such loci could enlighten potential disease mechanisms. Our analyses yielded top results for a region of chromosome 3p26.3 associated with AIS risk in the proximity of the axon guidance gene CHL1. CHL1 is a plausible candidate gene, given the prior evidence that compound heterozygous mutations in the structurally and functionally related gene ROBO3 cause an extreme scoliosis phenotype, horizontal gaze palsy with progressive scoliosis (20) . We did not detect obvious causal variation within CHL1 itself, but further re-sequencing in larger cohorts is needed to test this possibility. It is interesting to note that previous association studies have identified CHL1 as a candidate gene for schizophrenia (23, 24) . The SNP specifically associated in these studies was not associated with AIS in our study, suggesting the possibility of distinct CHL1-mediated pathways in the two disorders. While we propose CHL1 as a candidate gene in AIS susceptibility, we note that our experiments have shown LOC642891 expression in the brain, and we cannot exclude a role for this gene in disease risk. The physical overlap of CHL1 and LOC642891 on chromosome 3p26.3 also suggests the interesting possibility of correlated expression (30) . Our results suggest that variants in other immunoglobulinclass neural cell adhesion molecules and their interacting partners may contribute to AIS susceptibility. Specifically, candidate genes identified in this study underscore mechanisms of commissural axon guidance, i.e. axon crossing at the midline of the corticospinal tract. Under normal conditions, longitudinal axons are known to respond to attractive and repulsive cues at specified locations (31) . However, when such molecular cues are disrupted, as in the case of ROBO3 mutations in HGPPS, axons may display aberrant growth and directionality. Clearly further study of the candidate genes and loci proposed in this study are needed to confirm causal roles. In this regard, we recently replicated association with SNPs in DSCAM in a second cohort of Texas AIS families (rs2222973 combined OR ¼ 0.59, 95% CI ¼ 0.48 -0.74; P ¼ 1.46 × 10
26
). The role of Dscam in axon guidance and neurite outgrowth is well described, and on commissural axons it acts as a receptor for the attractive guidance molecule netrin (25, 26) . Dscam knockdowns in zebrafish embryos exhibit severe shortening of the anterior/posterior axis and, interestingly, partial knockdowns produce embryos with crooked tails (32) . Our data also provide additional evidence that variation in the CNTNAP2 gene encoding neurexin IV contributes to AIS susceptibility. Neurexin IV is clearly involved in axon guidance pathways via its interactions with contactin and L1 neural cell adhesion molecules, and with Robo in a pathway of repulsive midline axon guidance (29) . The possibility of neuropathology underlying AIS has stemmed from several observations. Scoliosis is frequent in neurologic/neuromuscular diseases, including Duchenne's muscular dystrophy, spinal muscular atrophy etc. Spinal cord anomalies such as syrinx, a fluid-filled cavity in the spinal cord (or brainstem), is often detected in conjunction with scoliosis (4, 5) . Several investigations of AIS patients have suggested co-existing deficits in oculo-vestibular (visual/ hearing) and proprioceptive function. As an example, one study measuring otolith vestibulo-ocular response in AIS found significant left -right asymmetry in horizontal eye movements in AIS patients compared with matched healthy control children; moreover, the average of horizontal, but not vertical, eye movements was significantly different (greater) in AIS patients than in controls (33) (34) (35) (36) (37) . These data might suggest a disease continuum, with HGPPS at the extreme end of AIS clinical manifestations. How scoliosis develops in this disease is not clear, although secondary abrogation of muscle tone and locomotion has been hypothesized (20) .
We also examined loci in our data set corresponding to previously published linkage peaks. Within the 9q31.2 -34.2 interval, we observed modest associations clustering in four regions, with strongest results for the following SNPs (genes): rs4979321 (ZNF618; P ¼ 0.0009), rs891725 (AMBP; P ¼ 0.0003), rs1969944 (PALM2; P ¼ 0.0005) and rs4836643 (intergenic; P ¼ 0.0003). We also searched genomic intervals encoding the ROBO3 and CHD7 genes but did not observe significant associations, suggesting that common variation in these genes does not contribute significantly to overall disease risk in AIS populations. Complete re-sequencing of both genes in large AIS cohorts may be fruitful to test the possibility that they harbor rare disease-causing variation.
One conclusion from our GWAS is that no single locus contributes predominantly to AIS risk. This was not surprising, as such signals should have been detected in prior studies. Our data also suggested that genetic heterogeneity is a significant factor in AIS, illustrated in our replication studies of chromosome 3p candidate loci. Further studies in larger cohorts are needed to identify and confirm additional AIS associations with common variants. Our results suggest genomic regions where follow-up genotyping as well as deep re-sequencing to detect causal alleles in AIS cohorts may be fruitful.
MATERIALS AND METHODS

Study subjects
All affected subjects considered for inclusion in the study met criteria for a positive diagnosis of idiopathic scoliosis: lateral deviation from the midline greater than 108 as measured by the Cobb angle method from standing spinal radiographs, axial rotation toward the side of the deviation and exclusion of relevant co-existing diagnoses. Control study subjects were parents (for TDT analyses) or unrelated individuals without history of scoliosis (for case/control analyses). Clinical details are summarized in Supplementary Material, Table S1 .
Ascertainment of Dallas, Texas study subjects
All participating research subjects were recruited under a protocol approved by the University of Texas Southwestern Medical Center Institutional Review Board. Affected probands included in discovery and initial replication studies were ascertained in orthopedic clinics at Texas Scottish Rite Hospital for Children (TSRHC) as previously described (14) . Parents, and other affected family members where possible, were routinely ascertained as well. A pediatric orthopedic surgeon confirmed a positive diagnosis of AIS by exclusion of co-existing diagnoses and positive findings from standing spinal radiographs. Blood samples were obtained by venipuncture. In some cases, saliva samples were self-collected using the Oragene DNA kit (DNA Genotek, Inc.). Four hundred nineteen probands and parents of all self-reported ethnicities were included in the discovery phase as detailed below. This cohort, as reported for the proband, included 81% white nonHispanic, 9% black non-Hispanic, 6% Hispanic/Latino, 1% Asian/Pacific Islander and 3% other. Three hundred seventysix affected probands were similarly ascertained in orthopedic clinics at TSRHC and included in the first replication (Rep1 cohort).
Ascertainment of St Louis, Missouri study subjects
All study subjects were recruited under protocols approved by either Washington University or the St Louis Shriners Hospital for Children Institutional Review Board. Affected probands were ascertained by a single pediatric orthopedic surgeon (M.B.D.) at St Louis Shriners Hospital for Children. Nonhispanic white St Louis study subjects (n ¼ 174) were included in the Rep2 cohort.
USA study subjects
Additional probands were ascertained by pediatric orthopedic surgeons at the time of treatment at Shriners Hospital for Children, Lexington, KY, USA (T. Milbrandt, V. Talwalkar, H. J. Iwinski); Hasbro Childrens' Hospital, Providence, RI, USA (C. P. Eberson); University of Massachusetts Memorial Medical Center, Worcester, MA, USA (A. Lapinsky); Childrens Hospital of Wisconsin, Milwaukee, WI, USA (J. C. Tassone, X. C. Liu) and Akron Children's Hospital, Akron, OH, USA (W. Schrader). All study subjects were recruited according to the protocols approved by local corresponding ethics boards or the University of Texas Southwestern Medical Center Institutional Review Board. USA study subjects (n ¼ 13) were included in the Rep2 cohort (Supplementary Material, Table S1 ).
Controls
Control individuals were ascertained from within the local Texas population or non-orthopedic clinics at TSRHC. A diagnosis of scoliosis was excluded by questionnaire. Six hundred sixty-six of these were of self-reported white, non-Hispanic ethnicity. These individuals were randomly assigned as either Rep1 (444 individuals) or Rep2 (222 individuals) controls in proportion to the number of cases in each group.
We also obtained genotypes for three publicly available control data sets: (i) National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) IBDGC Crohn's Disease Genome-Wide Association Study; (ii) National Institute of Neurological Disorders and Stroke (NINDS) Genome Wide Association in Familial Parkinson Disease; and (iii) European American controls from the New York Health project Intragen Population Genetics database (38) . For the purposes of this study, we refer to these as the 'NIDDK', 'NINDS' and 'Intragen' controls. NIDDK controls consisted of 895 individuals of non-Jewish, European ancestry that were genotyped with the Illumina HumanHap300 Beadchip and were without history of inflammatory bowel disease. The NINDS controls consisted of 943 Caucasian, non-Hispanic individuals that were genotyped with the Illumina HumanCNV370 Beadchip and were negative for neurological disease by self-report. The data retrieved from IntraGen Population Genetics Database (IntraGenDB) consisted of 478 individuals between the ages of 30 and 60, of non-Jewish white ancestry, genotyped with the Illumina HumanHap300 genotyping platform.
Discovery genotyping and quality assurance
We genotyped 1128 samples from 422 families (probands and parents) in the discovery phase. The majority of DNA samples were derived from blood; 66 (5.4%) of DNA samples were derived from saliva. Each DNA sample was quantified in triplicate with the Quanti-iT PicoGreen dsDNA reagent (Invitrogen) and assessed for quality by gel electrophoresis prior to genotyping. Each DNA sample (250-375 ng) was subsequently genotyped on Illumina Human CNV370-Quad arrays (Illumina). Genotypes with quality metrics ('GenCall scores') . 0.15 were called. For the remaining SNPs, the average success rate for each SNP was 99.20%. To test reproducibility of SNP calls, we genotyped 42 samples (3.54% of the total) in duplicate on separate arrays. The average concordance for the 42 samples was .99.99%. We then filtered individual samples and SNPs that failed the following quality control measures. Three families displayed mis-inheritances and their samples were excluded from analysis. For the remaining 419 families (1122 samples), the percent of SNPs called successfully was .95% in all but 9 samples (,1%). These nine samples were removed from further analysis, leaving 1113 samples with an average SNP success rate .0.998. We note that the SNP success rate was 100% for both rs1400180 and rs10510181 after quality control. Individual SNPs were further pruned for low call rates (,0.95), deviation from Hardy -Weinberg equilibrium (P , 0.00001), and minor allele frequency (MAF) , 0.01. In total, 326 498 autosomal SNPs were retained for further analyses.
Statistical analyses in the discovery cohort
We used the SNP genotypes in 1113 samples that remained after quality control (as described above) in statistical analyses. We performed statistical analyses using software within the BC/SNPmax database platform (Biocomputing Platforms Ltd.).
IBS and multidimensional scaling. We searched for evidence of population stratification in self-reported non-Hispanic white probands of our discovery set using IBS analysis as implemented in PLINK (15) . For this purpose, we included autosomal SNPs present on the Illumina Human 370-quad chip and in HapMap release 23a for which we downloaded genotype data for 210 unrelated HapMap samples (60 CEU, 45 HCB, 45 JPT and 60 YRI) (www.hapmap.org) (39) . Of these, one of each SNP pair with pairwise r 2 . 0.5 was pruned, as were SNPs with call rate ,99%, MAF , 0.01 and a possible disease association (P , 0.05, observed in 419 Texas AIS family trios) that left 8297 SNPs. Dimensions based on IBS distances in non-Hispanic white probands from the discovery set and HapMap samples were calculated, and multidimensional scaling (MDS) plots were made using the first three dimensions. Outliers (1 out of the 340 families) were identified from the discovery set and removed from further analyses (Supplementary Material, Fig. S1 ).
IBD analyses and p hat estimation. We calculated pairwise IBD coefficients using PLINK to assess cryptic relatedness between probands. SNPs were selected using the same criteria as for IBS analyses. We required p hat , 0.15 for each sample pair to exclude cryptic relationship (on the order of second cousins in an outbred population). All proband pairs passed the p hat , 0.15 threshold, with p hat ¼ 0.072 being the highest value observed.
TDT analyses in the discovery set. TDT results, displayed as Manhattan plots in Figures 2 and 3 , were computed using the methods implemented in the PLINK software (15) . We also computed TDT results using the TDTae statistic that is robust to genotyping errors and missing genotypes (40) . These results are given in Supplementary Material, Table S8 . Pedigrees were subsequently assigned to one of two groups, 'non-Hispanic white' (n ¼ 339 after removal of outlier family), or 'non-white' (n ¼ 79), and TDT was computed for each in the same manner as above. We also performed a genome-wide TDT analysis in the non-Hispanic black trios, our largest non-white group. The resultant P-values for each of the two markers on chromosome 3 are presented in Supplementary Material, Table S2 . None of the neighboring markers (within 500 kb) in these two groups showed TDT P-values less than 0.01 (data not shown).
Power analyses. Power analyses were performed for the discovery cohort as described in the text. We also calculated power provided by our replication cohorts for P ¼ 0.05 (41) (Supplementary Material, Fig. S2a and b) .
Imputation. To predict individual genotypes at un-typed loci, we used statistics contained in the software application MaCH 1.0 (42), applying HAPMAP reference haplotype release #22 data for population CEU. Genome-wide genotypes were imputed for the 339 non-Hispanic white families and analyzed using the TDT in PLINK as before (Supplementary  Material, Tables S3 and S4 and Figs S3 and S4) .
Statistical analyses in the replication cohorts
In our first replication study, we evaluated the possibility of biases due to population stratification using multidimensional scaling analysis of IBS distances as previously described. For this, we designed a panel of 384 ancestry-informative markers selected from Illumina databases and published literature (43) . We selected autosomal SNPs .100 kb apart and present on the Illumina CNV370 beadchip (a full list of SNPs is available upon request). As a positive control, we performed IBS analyses in the discovery set utilizing these 384 SNP genotypes (obtained in discovery) and obtained essentially the same results as with the 8297 described above (data not shown). We genotyped these SNPs in the Rep1 cohort and controls using the Illumina GoldenGate platform. The average success rate for each SNP was 99.4%; five SNPs with call rates ,95% were excluded from analyses, leaving 379 SNPs. We included three duplicate samples and observed 100% concordant SNP calls. Subsequent IBS/MDS analysis identified one outlier individual in this data set that was removed, leaving 375 AIS individuals for further analyses (Supplementary Material, Fig. S5 ).
Individual genotyping. We performed follow-up genotyping for SNPs rs1400180, rs965084, rs1400182, rs9754850, rs9754552 and rs10501081 using Taqman genotyping as previously described (14) . To check agreement across platforms, we included 30% of discovery samples in Taqman genotyping for rs1400180 and rs10510181 and found 100% concordance for the two methods. All genotyped SNPs displayed agreement with Hardy -Weinberg equilibrium (P . 0.05) with the exception of rs1400180 (P ¼ 0.04) which showed marginal deviation from HWE.
Case -control statistics. We genotyped six SNPs: the original rs1400180 and rs10510181, and rs965084, rs1400182, rs9754850 and rs9754552, in the first replication study. The number of cases and controls included in this study ('Rep1') was 375 and 444, respectively. We performed allelic tests of association in cases and controls. As above, the statistic was computed on all data using the method implemented in the PLINK software (15) . We genotyped four of the SNPs rs1400180, rs10510181, rs9754850, and rs9754552 in the second replication study. The number of cases and controls included in this study ('Rep2') was 187 and 222, respectively. We performed allelic tests of association as in the Rep1 study.
Combined statistics. We estimated combined ORs and CIs for TDT and case -control results using the method implemented in the Catmap software program (44) We also estimated the combined P-values using Fisher's method as implemented in the PVALUES software program (45) . Results were as reported in the text.
LD structure. Pairwise r 2 values were computed using Haploview software Version 4.1 (46) . Only SNPs with MAF . 0.01 were considered in this analysis.
RT-PCR. RNA was isolated from frozen human lymphocytes using the RNeasy mini kit (Qiagen). Adult and fetal human brain poly A+ RNA (Clontech Laboratories) was procured. cDNA was prepared using the high-capacity cDNA Archive reagent (Applied Biosystems). Approximately 500 ng of each RNA was converted to cDNA using guidelines provided in the high-capacity cDNA archive reagent protocol (Applied Biosystems) in a 20 ml reaction. Primers were designed using Primer 3 software (47). To amplify CHL1 cDNA (derived from NM_006614.2), the forward primer was designed to span the splice junction of exons 6 and 7, and the reverse primer was designed within exon 7. For the hypothetical cDNA LOC642891 (derived from XM_931148.3), the forward primer was designed to span the junction of exons 2 and 3, and the reverse primer was designed within exon 5. This design theoretically avoids amplifying unspliced RNA or genomic DNA. Primer sequences and amplified region are given in Supplementary Material, Figure S6 . Approximately 100 ng of each cDNA was amplified using 1 U of GoTaq DNA Polymerase (Promega) in a 12.5 ml reaction containing: 0.5 pmoles/ml of forward and reverse primer, 0.2 mM dNTPs, and 1.5 M MgCl 2 . Thirty-five cycles of PCR amplification were carried out at 948 -558 -728, 30 s each cycle (Supplementary Material, Fig. S7 ).
Linkage analysis. Each family selected for analysis was represented in our original discovery cohort and was selected to be informative in a linkage analysis but without regard to genotype at any particular locus. Maximum heterogeneity LOD scores (HLODs) were computed over dominant and recessive models with a phenocopy rate of 0.5 and a disease allele frequency of 0.001 to approximate the frequency of familial AIS. Results were adjusted for inflation by subtracting 0.3 as described in Hodge et al. (48) . The TDTae was computed to estimate evidence for association in the presence of linkage as previously described (40) .
Genomic re-sequencing. Coding exons and splice junctions of CHL1 (Gene ID: 10752; Ensembl ID:ENSG00000134121; reference sequence mRNA NM_006614.2) were extracted from available databases. Genomic re-sequencing and analysis was performed as previously described (14) and by alignment with DNA Baser Sequence Assembler v2 (HeracleSoftware). Primer sequences and PCR conditions are available upon request. The SNP (rs2272522) that predicts a leucineto-phenylalanine change was included in our original GWAS but did not show evidence of association with AIS in the total data set (OR ¼ 0.92, 95% CI ¼ 0.68 -1.25; P ¼ 0.59) nor in trios with family history of AIS (OR ¼ 0.74, 95% CI ¼ 0.42 -1.32; P ¼ 0.31). A second variant, SNP rs62230378 that predicts a glycine-to-alanine change, was observed in two unrelated affected individuals from families (91 families) with multiple members affected by AIS. Upon further sequencing, this variant was detected in 1/20 unrelated white, non-Hispanic controls and 1/29 unrelated white, nonHispanic AIS cases, suggesting near-equal frequencies (3-5%) in cases and controls of this ethnic group.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
